Featured Application: An automated preliminary design approach is proposed for radial inflow turbines. It can be applied to the design of micro gas turbines, turbochargers, auxiliary power units, and other power equipment using a radial inflow turbine.
Introduction
Radial inflow turbines are widely used in engineering practices such as turbochargers, auxiliary power units (APU), micro gas turbines and space power units due to their compact design, high efficiency and high power-to-weight ratio [1] [2] [3] [4] . Moreover, the integrated configuration of the radial inflow turbine rotor makes it easy to fabricate and contributes to the rotor dynamic stability. As a key component of small power units, the radial inflow turbine has been paid much attention, and its design approaches are always evolving for improving aerodynamic performance and shortening the design period though it is a classical problem.
The preliminary design is the first step to designing radial inflow turbines, and it is usually based on one-dimensional flow analysis and empirical correlations [5] [6] [7] [8] . Ye et al. [9] used the Flexible Tolerance Method to search for the optimal design at the preliminary design stage for radial inflow turbines. The results showed that better design could be found without violating the specified constraints. Ebaid et al. [10] developed a unified approach for designing a single stage nozzleless radial inflow turbine, in which an optimization method was also used to determine the turbine principal dimensions, and the rotor geometry and the nozzleless volute were designed simultaneously.
Mistry et al. [11] investigated the influence of different parameters such as inlet absolute Mach number, relative exit Mach number, solidity, relative velocity ratio and hub to shroud radius ratio on efficiency and provided guidelines for the optimal design of radial inflow turbines. Feng et al. [12] proposed a radial inflow turbine design method that took the stress limitation into account using the positive axial displacing method and skewing technique. The results indicated that the method could produce a high-performance design without violating the stress constraint. Deng [13] presented an optimized matching method between reaction degree and stage velocity ratio for a radial inflow turbine design, and the method was validated by both numerical simulation and experiment.
Suhrmann et al. [14] validated the applicability of commonly known and well-established loss models for small size radial inflow turbines. Besides some improvement, they developed new correlations to improve the accuracy of loss prediction for small size radial inflow turbine. Ghosh et al. [15] developed a theoretical model to predict the off-design performance of a cryogenic turboexpander. The model could predict the complete performance map in a fast way and help the designer to understand the influence of design and operating parameters on the performance.
Fu [16, 17] developed an integrated optimization design approach for radial inflow turbines. This approach considered the aerodynamic performance, stress constraint, and the rotor weight sequentially. An initial design is generated in the first iteration, and then the outlet radius and the axial length are reduced by a small step in the following iterations until the aerodynamic performance, the stress constraint and the weight constraints are all satisfied. Ventura et al. [18] developed an automated approach for radial inflow turbine preliminary design in the same year. This approach specifies a certain range for the loading coefficient, flow coefficient, and the rotational speed, and explores all the design space to find a promising design. Shao [19] presented a multidisciplinary integrated design and an optimization method for radial inflow turbines in which aerodynamic performance and structure realization were considered simultaneously.
Al Jubori et al. [20, 21] presented the mathematical approach combined mean line design and 3D Computational Flow Dynamics (CFD) analysis for organic Rankine cycle turbines. The results revealed that the radial outflow turbine configuration exhibited a considerably higher turbine performance, with the overall isentropic efficiency of 82.9% and power output of 14.331 kW. Lio et al. [22] developed a mean line model using Matlab (R2018b, Mathworks, Natick, MA, USA) that includes the design and performance analysis procedure, and the results indicated that how different design choices in terms of specific speed and velocity ratio, and different working conditions in terms of expansion and turbine size may affect the efficiency of single stage radial inflow turbines in Organic Rankine Cycle (ORC) systems.
Mounier et al. [23] proposed a new non-dimensional performance map tailored for small-scale turbines, and the results showed that the geometrical dependencies on the map had a strong impact on the shroud to tip radius ratio. Lv et al. [24] proposed an optimization design approach to quickly acquire a preliminary optimal radial inflow turbine configuration, and the results indicate that the designed turbine using the proposed optimization design approach had a superior performance under design and off-design conditions. Zhou et al. [25] presented a design method for a supercritical carbon dioxide radial inflow turbine, and the results were consistent with each other.
It can be seen from the above-mentioned references that a lot of research has been performed on radial inflow turbine design from different aspects. Some focus on aerodynamic performance simply, some aim to satisfy stress or weight limitation without deteriorating efficiency, and some devote to reduce dependency on designer's technical expertise through optimization algorithms. However, an automated and integrated solution that can fully consider all the problems is seldom seen in the open literature. This is a motivation of the present study.
The preliminary design process of radial inflow turbines often requires a certain level of previous empirical knowledge and it usually makes the beginners feel a bit confused. Although it is well known that the aerodynamic performance of radial inflow turbines is dominated by loading coefficient and flow coefficient [26] , the selection of these two parameters and rotational speed still needs comprehensive consideration. In this paper, as Part I, an automated Genetic Algorithm (GA) driven preliminary design procedure for radial inflow turbines is developed, and the effectiveness of the design approach is validated by the experimental data of the radial inflow turbine in Sundstrand Power Systems T-100 Multipurpose Small Power Unit [27] . This procedure not only alleviates dependency on the designer's technical expertise but also guarantees the optimal design at the preliminary design stage.
Automated Preliminary Design Methodology
Radial inflow turbines comprise of mainly a volute, nozzle, and rotor. Figure 1 illustrates the principal components and stations. Because almost all energy loss produces in nozzle and rotor parts, the design and optimization of radial inflow turbines will focus on those two components in this paper.
Radial inflow turbines comprise of mainly a volute, nozzle, and rotor. Figure 1 illustrates the principal components and stations. Because almost all energy loss produces in nozzle and rotor parts, the design and optimization of radial inflow turbines will focus on those two components in this paper. According to References [26, 28] , loading coefficient ψ and flow coefficient φ are defined as
Equations (1) and (2), respectively. In addition, they can be selected from Figure 2 :
It can be seen from Figure 2 that the maximum efficiency occurs when the loading coefficient is in the range of 0.9-1.0, and the flow coefficient is between about 0.2-0.3. However, in many cases, designers have to use values significantly different from those optima, and this is mainly because the application restrains the design. For example, turbochargers have to use higher flow coefficient to lower outlet blade height to result in a more compact design. Therefore, it becomes difficult to determine the maximum efficiency that the design can achieve under specified constraints in a short time. According to References [26, 28] , loading coefficient ψ and flow coefficient φ are defined as Equations (1) and (2), respectively. In addition, they can be selected from Figure 2 :
It can be seen from Figure 2 that the maximum efficiency occurs when the loading coefficient is in the range of 0.9-1.0, and the flow coefficient is between about 0.2-0.3. However, in many cases, designers have to use values significantly different from those optima, and this is mainly because the application restrains the design. For example, turbochargers have to use higher flow coefficient to lower outlet blade height to result in a more compact design. Therefore, it becomes difficult to determine the maximum efficiency that the design can achieve under specified constraints in a short time. [26, 28] . Figure 3 shows the conventional flowchart of the mean line design process. It starts with a design vector ( , ,n ψ φ ) and an initial guess of the total-to-static efficiency ts η , then calculates the geometric and flow features for both nozzle and rotor, and after that iterates the efficiency using wellestablished loss models until a convergence criterion has been achieved. The feasibility check makes sure that the design output satisfies the application nature and constraints. It should be noted that the total-to-static efficiency is initially estimated based on Figure 2 after the loading coefficient and the flow coefficient are set, but the initial total-to-static efficiency cannot influence the final result, but only the iteration steps. Therefore, the final result is only decided by the loading coefficient, the flow coefficient, and the rotor rotational speed.
In addition, there are two kinds of calculations in the process of stator and rotor calculation in Figure 3 . The first one is the calculation of main geometry size and aerodynamic parameter according to the loading coefficient, flow coefficient, and rotor rotational speed. The second one is the calculation of various energy losses according to the result of the first step. For radial inflow turbines, seven kinds of losses are considered in the mean line design procedure, and they are nozzle loss, rotor incidence loss, rotor passage loss, rotor tip clearance loss, Figure 2 . Correlation of loading and flow coefficients for radial inflow turbine [26, 28] . Figure 3 shows the conventional flowchart of the mean line design process. It starts with a design vector (ψ, φ, n) and an initial guess of the total-to-static efficiency η ts , then calculates the geometric and flow features for both nozzle and rotor, and after that iterates the efficiency using well-established loss models until a convergence criterion has been achieved. The feasibility check makes sure that the design output satisfies the application nature and constraints.
It should be noted that the total-to-static efficiency is initially estimated based on Figure 2 after the loading coefficient and the flow coefficient are set, but the initial total-to-static efficiency cannot influence the final result, but only the iteration steps. Therefore, the final result is only decided by the loading coefficient, the flow coefficient, and the rotor rotational speed.
In addition, there are two kinds of calculations in the process of stator and rotor calculation in Figure 3 . The first one is the calculation of main geometry size and aerodynamic parameter according to the loading coefficient, flow coefficient, and rotor rotational speed. The second one is the calculation of various energy losses according to the result of the first step. Correlation of loading and flow coefficients for radial inflow turbine [26, 28] . Figure 3 shows the conventional flowchart of the mean line design process. It starts with a design vector ( , ,n ψ φ ) and an initial guess of the total-to-static efficiency ts η , then calculates the geometric and flow features for both nozzle and rotor, and after that iterates the efficiency using wellestablished loss models until a convergence criterion has been achieved. The feasibility check makes sure that the design output satisfies the application nature and constraints.
In addition, there are two kinds of calculations in the process of stator and rotor calculation in Figure 3 . The first one is the calculation of main geometry size and aerodynamic parameter according to the loading coefficient, flow coefficient, and rotor rotational speed. The second one is the calculation of various energy losses according to the result of the first step. For radial inflow turbines, seven kinds of losses are considered in the mean line design procedure, and they are nozzle loss, rotor incidence loss, rotor passage loss, rotor tip clearance loss, For radial inflow turbines, seven kinds of losses are considered in the mean line design procedure, and they are nozzle loss, rotor incidence loss, rotor passage loss, rotor tip clearance loss, rotor trailing The loss happened in the nozzle is evaluated by the model presented by Rodger [7] , as Equation (3):
The incidence loss that happened in rotor inlet is caused by the difference between flow direction and rotor blade direction, and it is the energy used to turn the flow to the correct direction. The model presented by NASA [6] is adopted, as Equation (4):
The rotor passage loss is a summation of different loss items that happened in the rotor passage. It mainly concerns the cross flow and the secondary flow. The CETI (Concepts NREC LLC, White River Junction, VT, USA) passage loss model presented by Whitfield [8] is selected here, as Equation (5):
in which,
The rotor tip clearance loss is evaluated by the model presented by Dambach [29] , which considers the interaction of axial clearance flow and radial clearance flow, as Equation (8),
where, in most cases, K a = 0.4, K r = 0.75, K a,r = −0.3, results in good agreement with experimental data:
The trailing edge loss refers to the loss due to the sudden expansion when fluid passes the trailing edge. The model presented by Glassman [30] is adopted as Equation (11): 
The windage loss happens between rotor backface and casing, and the model presented by Daily et al. [31] is used to evaluate this loss, as Equation (12):
The rotor exit energy loss is defined as Equation (15):
The feasibility check comprises a set of parameters that need to be met and then the turbine design could be considered feasible. These parameters include three aspects, the structural constraints, the flow feature constraints and geometric constraints. The structural constraints guarantee the elastic stress (Equation (2) of Reference [32] ) lower than the material yield stress by a safety factor of 10%. The flow feature constraints include a rational range (−20 • -−40 • ) for the rotor incidence angle and a maximum Mach number (M < 1) at the nozzle outlet to prevent supersonic flow loss. The geometric constraints contain a minimum inlet-outlet tip radius ratio of 1.3, a minimum outlet hub-tip radius ratio of 0.3, and a minimum blade height to inlet radius ratio of 0.3 to ensure the structure rationality. More constraints can be specified for certain consideration according to a specific application.
In the conventional mean line design method of radial inflow turbines, the design result is decided by three parameters, loading coefficient, flow coefficient, and rotor rotational speed. That is to say, once the three parameters are set, the main geometrical size and aerodynamic performance of turbines are specified. Thus, these three parameters are very important for a radial inflow turbine with higher aerodynamic performance, and it is hard to choose them, especially for an engineering designer without the full experience. Therefore, in this paper, an automated radial inflow turbine preliminary design approach is developed using the Genetic Algorithm [33] . With the help of GA, the proposed approach explores the whole design space automatically and independently without violating the specified constraints. Figure 4 illustrates the fundamental procedure of GA. The evolution usually starts from a population of randomly generated individuals. In each generation, the fitness of every individual in the population is evaluated. The more fit individuals are stochastically selected from the current population, and each individual's genome is modified by crossover and mutation operation to form a new generation. The new generation of candidate solutions is then used in the next iteration of the algorithm. When either a satisfactory fitness level has been reached, or a maximum number of generations have been produced, the algorithm terminates. Figure 5 shows the flowchart of the GA assisted radial inflow turbine preliminary design procedure. The GA drives the exploration of the design space defined by the loading coefficient, flow coefficient and rotational speed in a wide range. That is to say, the GA drives each new mean line design, and finally, when the convergence condition reaches requirements, the optimal result will be 
The above-mentioned GA is from a toolbox called Inspyred, which is a free, open source framework for creating biologically-inspired computational intelligence algorithms in Python. It is original, and no further development was done on it. In this optimization problem, there is only a single objective, total-to-static efficiency of turbines, so it is enough to briefly explore all of the design space. Figure 5 shows the flowchart of the GA assisted radial inflow turbine preliminary design procedure. The GA drives the exploration of the design space defined by the loading coefficient, flow coefficient and rotational speed in a wide range. That is to say, the GA drives each new mean line design, and finally, when the convergence condition reaches requirements, the optimal result will be obtained. Figure 5 shows the flowchart of the GA assisted radial inflow turbine preliminary design procedure. The GA drives the exploration of the design space defined by the loading coefficient, flow coefficient and rotational speed in a wide range. That is to say, the GA drives each new mean line design, and finally, when the convergence condition reaches requirements, the optimal result will be obtained.
In this paper, two preliminary designs are performed, the first one is a validation design without GA assistance that verifies the mean line design method by comparing the T-100 design parameters, and the second one is the T-100re designed using a GA assisted preliminary design procedure that aims to achieve the maximum efficiency under specified constraints. The GA will do the screening job automatically for better performance design without human intervention. The designer only needs to specify the constraint that should be satisfied in the design procedure. Table 1 shows the design parameters of the T-100 turbine [27] . Table 2 gives the ranges specified for loading coefficient, flow coefficient, and rotational speed. It can be seen that the specified range covers the most design area in Figure 2 . In this paper, two preliminary designs are performed, the first one is a validation design without GA assistance that verifies the mean line design method by comparing the T-100 design parameters, and the second one is the T-100re designed using a GA assisted preliminary design procedure that aims to achieve the maximum efficiency under specified constraints. The GA will do the screening job automatically for better performance design without human intervention. The designer only needs to specify the constraint that should be satisfied in the design procedure. Table 1 shows the design parameters of the T-100 turbine [27] . Table 2 gives the ranges specified for loading coefficient, flow coefficient, and rotational speed. It can be seen that the specified range covers the most design area in Figure 2 . The results of the validation design for T-100 and T-100re optimization design are summarized in Table 3 , and the T-100 original data is also listed as a comparison. The loading coefficient of the T-100 turbine is 0.91 [27] , and the flow coefficient is selected as 0.22 by trial and error method to reach the main known parameters of the original T-100 turbine. It can be seen that the result is quite close to the T-100 original data, which verifies the correctness and accuracy of the present mean line design method. The T-100re optimization is obtained using the present GA assisted preliminary design procedure. The GA configuration has a population size of 15, an elite number of 1, a mutation rate of 0.15 and a maximum generation number of 200. The convergence curve of the total-to-static efficiency is shown in Figure 6 and the T-100re turbine has a total-to-static efficiency of 87.4%. It can be found that the convergent speed is quite fast and the design process costs only a few minutes. Some key parameters like rotor inlet radius and blade number, etc. can be easily optimized through the empirical correlations in the preliminary design optimization, but hard to be optimized in the later three-dimensional (3D)
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numerical optimization, which indicates that it is strongly necessary to perform an optimization at the preliminary design stage.
The T-100re optimization is obtained using the present GA assisted preliminary design procedure. The GA configuration has a population size of 15, an elite number of 1, a mutation rate of 0.15 and a maximum generation number of 200. The convergence curve of the total-to-static efficiency is shown in Figure 6 and the T-100re turbine has a total-to-static efficiency of 87.4%. It can be found that the convergent speed is quite fast and the design process costs only a few minutes. Some key parameters like rotor inlet radius and blade number, etc. can be easily optimized through the empirical correlations in the preliminary design optimization, but hard to be optimized in the later three-dimensional (3D) numerical optimization, which indicates that it is strongly necessary to perform an optimization at the preliminary design stage. For the T-100re turbine, the axial, radial and back face clearance is set to be 0.3, respectively, which is a minimum reasonable clearance. The six loss terms of the T-100re design are all lower than those of the verification design, which results in a higher total-to-static efficiency of 87.4%. The T100re design has a smaller rotor inlet radius than that of the verification design, thus having a lower passage loss and nozzle loss. Though the rotor tip clearance of the T-100re design is a little bit larger than that of the verification design, the tip clearance loss is lower due to the smaller size too. Figure  7 shows a comparison of the meridional contours of these two turbines. It can be seen that the T-100re turbine has a lower inlet radius and shorter axial length of the rotor than the T-100 turbine. Therefore, the T-100re rotor weighs much lighter than the T-100, and the turbine's total weight will also reduce due to the lower radial geometry size of rotor, nozzle and the corresponding volute. It is of significance for APU of aerospace and turbine rotor of turbochargers. For the T-100re turbine, the axial, radial and back face clearance is set to be 0.3, respectively, which is a minimum reasonable clearance. The six loss terms of the T-100re design are all lower than those of the verification design, which results in a higher total-to-static efficiency of 87.4%. The T-100re design has a smaller rotor inlet radius than that of the verification design, thus having a lower passage loss and nozzle loss. Though the rotor tip clearance of the T-100re design is a little bit larger than that of the verification design, the tip clearance loss is lower due to the smaller size too. Figure 7 shows a comparison of the meridional contours of these two turbines. It can be seen that the T-100re turbine has a lower inlet radius and shorter axial length of the rotor than the T-100 turbine. Therefore, the T-100re rotor weighs much lighter than the T-100, and the turbine's total weight will also reduce due to the lower radial geometry size of rotor, nozzle and the corresponding volute. It is of significance for APU of aerospace and turbine rotor of turbochargers. Therefore, the present automated preliminary design approach is quite effective to determine the main parameters for the preliminary design. In this approach, the GA helps the designer find the best combination of ( , ,n ψ φ ) corresponding to the highest total-to-static efficiency under specified constraints and well-established loss models in a short time, thus making a good start for the later 3D numerical optimization work, which will be presented in Part II of this paper [34] .
Numerical Computation
In 2012, Sauret [35] published a paper that intended to make the T-100 turbine an open benchmark for validation work and provided all the geometric data. In this study, an in-house blade design code for radial inflow turbines is developed in order to reconstruct the T-100 turbine based on Therefore, the present automated preliminary design approach is quite effective to determine the main parameters for the preliminary design. In this approach, the GA helps the designer find the best combination of (ψ, φ, n) corresponding to the highest total-to-static efficiency under specified constraints and well-established loss models in a short time, thus making a good start for the later 3D numerical optimization work, which will be presented in Part II of this paper [34] .
In 2012, Sauret [35] published a paper that intended to make the T-100 turbine an open benchmark for validation work and provided all the geometric data. In this study, an in-house blade design code for radial inflow turbines is developed in order to reconstruct the T-100 turbine based on the original data [27, 35] and initialize the T-100re turbine design. Figures 8 and 9 show the T-100 nozzle profile and the T-100 rotor geometry, respectively. The rotor blade is defined by the beta-angle and thickness distribution. An initial back face profile is provided for both T-100 and T-100re rotors so that the rotor weight can be evaluated. It turns out that the T-100 rotor weighs 1.31 kg and the T-100re rotor weighs 0.96 kg. Although the rotor weight is not an objective in the preliminary design optimization, the rotor weight could be decreased due to its smaller rotor size obtained by the preliminary design optimization.
Therefore, the present automated preliminary design approach is quite effective to determine the main parameters for the preliminary design. In this approach, the GA helps the designer find the best combination of ( , ,n ψ φ ) corresponding to the highest total-to-static efficiency under specified constraints and well-established loss models in a short time, thus making a good start for the later 3D numerical optimization work, which will be presented in Part II of this paper [34] .
In 2012, Sauret [35] published a paper that intended to make the T-100 turbine an open benchmark for validation work and provided all the geometric data. In this study, an in-house blade design code for radial inflow turbines is developed in order to reconstruct the T-100 turbine based on the original data [27, 35] and initialize the T-100re turbine design. Figures 8 and 9 show the T-100 nozzle profile and the T-100 rotor geometry, respectively. The rotor blade is defined by the beta-angle and thickness distribution. An initial back face profile is provided for both T-100 and T-100re rotors so that the rotor weight can be evaluated. It turns out that the T-100 rotor weighs 1.31 kg and the T100re rotor weighs 0.96 kg. Although the rotor weight is not an objective in the preliminary design optimization, the rotor weight could be decreased due to its smaller rotor size obtained by the preliminary design optimization. In order to validate the precision of the present preliminary design method, 3D numerical simulations are carried out for both T-100 and T-100re turbine under design and off-design conditions. Figure 10 shows the computational mesh of the T-100 turbine. A single passage of the nozzle and rotor flow path connected is considered as the computational domain. A long extension is provided in order to avoid the back-flow, and the rotor tip clearance is also considered. The T-100re turbine is meshed using the same configuration with T-100 turbine. The mesh statistics information is shown in Table 4 . The simulations are conducted using ANSYS-CFX commercial CFD software (ANSYS, Inc., Canonsburg, PA, USA). The ideal air is selected as the working fluid. The RANS coupled with the SST turbulence model is solved with the first layer y+ less than 2. It is worth mentioning that the mesh number and the turbulence model used were verified by mesh independency and various turbulence models provided in ANSYS-CFX, respectively. The details of verification can be found in Reference [19] published by our research group.
The boundary conditions for validations are adopted using the design conditions in Table 1 . It is noted that a modeling test was conducted with a T-100 turbine of a real geometry size (shown in Table 3 ), so the test boundary conditions are different from the design parameters. That is to say, the In order to validate the precision of the present preliminary design method, 3D numerical simulations are carried out for both T-100 and T-100re turbine under design and off-design conditions. Figure 10 shows the computational mesh of the T-100 turbine. A single passage of the nozzle and rotor flow path connected is considered as the computational domain. A long extension is provided in order to avoid the back-flow, and the rotor tip clearance is also considered. The T-100re turbine is meshed using the same configuration with T-100 turbine. The mesh statistics information is shown in Table 4 . The simulations are conducted using ANSYS-CFX commercial CFD software (ANSYS, Inc., Canonsburg, PA, USA). The ideal air is selected as the working fluid. The RANS coupled with the SST turbulence model is solved with the first layer y+ less than 2. It is worth mentioning that the mesh number and the turbulence model used were verified by mesh independency and various turbulence models provided in ANSYS-CFX, respectively. The details of verification can be found in Reference [19] published by our research group.
mentioning that the mesh number and the turbulence model used were verified by mesh independency and various turbulence models provided in ANSYS-CFX, respectively. The details of verification can be found in Reference [19] published by our research group.
The boundary conditions for validations are adopted using the design conditions in Table 1 . It is noted that a modeling test was conducted with a T-100 turbine of a real geometry size (shown in Table 3 ), so the test boundary conditions are different from the design parameters. That is to say, the aerodynamic performance of T-100 turbine was tested under lower pressure and lower temperature at turbine inlet, and lower rotor rotational speed conditions (as shown in Table 5 ) according to similarity and modularization theory of turbomachinery. The boundary conditions for validations are adopted using the design conditions in Table 1 . It is noted that a modeling test was conducted with a T-100 turbine of a real geometry size (shown in Table 3 ), so the test boundary conditions are different from the design parameters. That is to say, the aerodynamic performance of T-100 turbine was tested under lower pressure and lower temperature at turbine inlet, and lower rotor rotational speed conditions (as shown in Table 5 ) according to similarity and modularization theory of turbomachinery. Table 6 shows the total-to-static efficiency under design condition. It can be seen that the CFD results are just a little higher than those of the preliminary design and the T-100 preliminary result is in good agreement with the experimental data. It is worth mentioning that the mass flow rate of CFD is a little lower than the given preliminary value, about less than 1%. In order to compare, the mass flow rate of the modeling test was transferred to the design condition according to the similarity and modularization theory of turbomachinery. The result shows that the experimental mass flow rate is a bit bigger about 1% than the design value. Figure 11 gives the comparison of total-to-static efficiency between the CFD and the experimental data under a range of velocity ratios, and it can be seen that the T-100 CFD results are a little higher than those of the experiment under each condition due to the ignorance of windage loss and flow non-uniformity at the volute outlet in the CFD simulations, but the changing trend of both results are in good agreement. It is worth mentioning that, through the mean line optimization, the optimal velocity ratio is 0.75 because the optimal rotation speed is higher than the original design speed. At the preliminary design stage, the T-100re turbine has a smaller inlet radius of 54.1 mm and a higher total-to-static efficiency of 87.4% as compared with the T-100 turbine, which means lighter weight and improved performance design is achieved. It can be seen that optimization conducted at the preliminary design stage is not only easy and low cost but also efficient. Some key parameters like blade number, rotor inlet diameter, and blade height, which are difficult to handle in 3D numerical optimization, can be easily treated in the mean line design optimization. Figure 12 shows the comparison of Mach number contour between T-100 turbine and T-100re turbine at the mid-span section under design condition. At the outlet of the nozzle, the Mach number of T-100 turbine is lower than that of the T-100re turbine, while it is adverse at the outlet of the rotor. It is indicated that the enthalpy drop of T-100re turbine in the nozzle and the rotor is redistributed well, and the range of the lower Mach number in the rotor passage is reduced because of its higher rotational speed and reasonable rotor geometry. In addition, the absolute outlet velocity of T-100re turbine is 216.38 m/s, lower than that of T-100 turbine, 185.14m/s; thus, the total-to-static efficiency of the turbine is improved. It is to be noted that the experimental data of radial inflow turbines is scarce in public literature and there is only a few pieces of data that can be selected to verify the proposed approach. In Reference [27] , no efficiency uncertainty is provided, and there is only the uncertainty of flow parameter mentioned, which was measured by an ASME standard inlet orifice, accurate to ±2%. In addition, the accuracy of power was checked through the compressor flow and temperature rise, and the power difference was generally within two percent of the power calculated from the turbine side. The reason shown in that paper was bearing and windage losses as well as measurement errors.
As a whole, the T-100re results are higher than those of the T-100 under most conditions, which demonstrates the effectiveness of the present automated preliminary design approach as well as the advantage of the T-100re turbine.
At the preliminary design stage, the T-100re turbine has a smaller inlet radius of 54.1 mm and a higher total-to-static efficiency of 87.4% as compared with the T-100 turbine, which means lighter weight and improved performance design is achieved. It can be seen that optimization conducted at the preliminary design stage is not only easy and low cost but also efficient. Some key parameters like blade number, rotor inlet diameter, and blade height, which are difficult to handle in 3D numerical optimization, can be easily treated in the mean line design optimization. Figure 12 shows the comparison of Mach number contour between T-100 turbine and T-100re turbine at the mid-span section under design condition. At the outlet of the nozzle, the Mach number of T-100 turbine is lower than that of the T-100re turbine, while it is adverse at the outlet of the rotor. It is indicated that the enthalpy drop of T-100re turbine in the nozzle and the rotor is redistributed well, and the range of the lower Mach number in the rotor passage is reduced because of its higher rotational speed and reasonable rotor geometry. In addition, the absolute outlet velocity of T-100re turbine is 216.38 m/s, lower than that of T-100 turbine, 185.14m/s; thus, the total-to-static efficiency of the turbine is improved. Figure 12 shows the comparison of Mach number contour between T-100 turbine and T-100re turbine at the mid-span section under design condition. At the outlet of the nozzle, the Mach number of T-100 turbine is lower than that of the T-100re turbine, while it is adverse at the outlet of the rotor. It is indicated that the enthalpy drop of T-100re turbine in the nozzle and the rotor is redistributed well, and the range of the lower Mach number in the rotor passage is reduced because of its higher rotational speed and reasonable rotor geometry. In addition, the absolute outlet velocity of T-100re turbine is 216.38 m/s, lower than that of T-100 turbine, 185.14m/s; thus, the total-to-static efficiency of the turbine is improved. 
Conclusions
This paper presents an automated preliminary design approach for radial inflow turbines, as the first part of the integrated design and optimization approach. The GA is introduced to explore the design space defined by loading coefficients, flow coefficients, and rotational speeds. The aim of this design approach is to obtain the best design scheme with high aerodynamic performance under specified constraints and reduce the dependency on human experiences for designing a radial inflow turbine. The following conclusions can be drawn from this study:
(1) The mean line design method for radial inflow turbines is presented for getting the aerodynamic performance under given structure parameters. In addition, the radial inflow turbine T-100 published in the literature is used to verify this method. It is indicated that the verification result shows good agreement with the T-100 original data, which proves the correctness and accuracy of the present mean line design method.
(2) The automated preliminary method is developed by combining the mean line design with GA to explore the design space for obtaining the best design scheme of radial inflow turbines. The T-100 turbine is redesigned by using the automated preliminary method to check the effectiveness. It shows that the total-to-static efficiency of the T-100re turbine increases by 1.0% and the rotor weight decreases by 0.35 kg (26.7%) compared with the T-100 original design. Therefore this method can not only reduce the dependency on a designer's expertise and guarantee the optimal design at the preliminary design stage under specified constraints but also make a good foundation for the later 3-D numerical optimization.
(3) The CFD results of T-100 and T-100re turbines are examined and compared to the T-100 turbine experimental data. It shows that the total-to-static efficiency is a little higher than that of the experiment results due to ignorance of the windage loss and the flow non-uniformity at the volute outlet in the CFD simulations, but the trend of both results are in good agreement. In addition, the performance of T-100re turbine is better than that of T-100 turbine under most conditions. 
This paper presents an automated preliminary design approach for radial inflow turbines, as the first part of the integrated design and optimization approach. The GA is introduced to explore the design space defined by loading coefficients, flow coefficients, and rotational speeds. The aim of this design approach is to obtain the best design scheme with high aerodynamic performance under specified constraints and reduce the dependency on human experiences for designing a radial inflow turbine. The following conclusions can be drawn from this study.
